INTRODUCTION {#SEC1}
============

Chimeric RNAs resulting from cis-splicing between adjacent genes (cis-SAGe) are composed of exons from two distinct neighbor genes transcribed in the same direction. Historically, these chimeric RNAs have been called transcription-induced chimeras ([@B1],[@B2]), tandem RNA chimeras ([@B3]), conjoined genes ([@B4],[@B5]) and read-through fusions ([@B6]). To distinguish the intergenic cis-splicing from trans-splicing events, and to avoid confusion of the process of skipping the stop codon during translation (classic read-through), we prefer the term 'cis-splicing of adjacent genes' ([@B7]). They were once considered rare in mammalian cells, with only a handful of examples experimentally identified; however, they have more recently been found to be widely present in numerous cells and tissues ([@B6],[@B8],[@B10]). They may also be misregulated in cancer, and thus represent an underappreciated repertoire for cancer biomarkers ([@B14]). Even though the number of discovered cis-SAGe chimeric RNAs keeps increasing, the mechanism for their formation is poorly understood. We have hypothesized that at least three conditions must be met for cis-SAGe to occur: (i) the primary transcript of the upstream gene has to be active; (ii) the primary transcript has to pass through the gene boundary and read into the downstream gene; and (iii) alternative splicing must be allowed, as most cis-SAGe fusions tend to skip the last exon(s) of the 5′ gene and the beginning exon(s) of the 3′ gene ([@B7]). Specific factors, such as CCCTC-binding factor (CTCF), which binds to the insulators between neighboring genes and have been shown to affect at least some cis-SAGe chimeric RNAs ([@B7]). However, no systematic approach to identify modulators of cis-SAGe events has yet been developed.

In this method paper, we describe a novel, efficient and easy reporter system to identify potential factors that may regulate the cis-SAGe process. We modeled the reporter system after a widely expressed cis-SAGe RNA, *CTNNBIP1-CLSTN1*, and inserted fragments of the parental genes in between the two pieces of renilla luciferase open reading frame (ORF). Only when cis-SAGe occurs will a mature renilla luciferase be expressed. As a control for regular splicing, we built in a firefly luciferase ORF, interrupted only by a β-globin/immunoglobulin intron. Using a custom small interfering RNA (siRNA) library from Dharmacon SMARTpool, we screened possible factors previously reported in the literature that are involved in RNA pol II cleavage, termination, elongation, splicing, alternative splicing and other RNA processings. Two RNA processing factors, SF3B1 and SRRM1, were identified to have preferential effects on renilla over firefly luciferase, thus implicating potential function in cis-SAGe events. Global impacts on cis-SAGe chimeric RNAs were also investigated by RNA-sequencing cells in which these two factors were perturbed.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture {#SEC2-1}
------------

HEK293T cells were maintained in Dulbecco's Modified Eagle's Medium with 4500 mg/l glucose (Gibco), supplemented with 10% fetal bovine serum and 1% Pen/Strep solution (Hyclone). Cells were cultivated at 37°C in 5% CO~2~ humidity.

cis-SAGe reporter system construction and stable cell line derivation {#SEC2-2}
---------------------------------------------------------------------

An out-of-frame renilla luciferase sequence driven by an EF1α promoter was split and 100 bp of the beginning and end on intron5, and exon6 of the *CTNNBI*P1 gene, followed by 100 bp of the beginning and end of exon1, and intron1 of the *CLSTN1* gene, driven by the EF1α promoter introduced. The described construct was cloned into a pGL4.16-CMV-LUC2CP/intron/ARE backbone plasmid, which contains a split firefly luciferase ORF separated by a hybrid β-globin/Immunoglobulin intron ([@B19]). HEK 293T cells were transfected with the reporter construct using PEI (Fisher Scientific), and selected using hygromycin for 2 weeks.

siRNA transfection {#SEC2-3}
------------------

Custom siRNA SMARTpool libraries were ordered from Dharmacon™, and the transfection was performed using Lipofectamine^®^ RNAiMAX Transfection Reagent (Thermo Fisher Scientific) according to the manufacturer's instruction.

RNA extraction and qRT-PCR {#SEC2-4}
--------------------------

RNA was extracted from cell lines using TRIzol Reagent (Life Technologies) according to the manufacturer's instruction. RNA samples were analyzed on a NanoDrop (Thermo Scientific), and 3 ug RNA was used for complementary DNA (cDNA) synthesis. All RNA samples in this study were treated with DNAse I (NEB), followed by standard reverse transcription using the SensiFAST cDNA Synthesis Kit (Bioline) according to the manufacturer's instructions. Specific primers ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}) were used to detect RNA expression in the corresponding cDNA samples. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed as described previously ([@B7],[@B8],[@B16]).

Luciferase assay {#SEC2-5}
----------------

Firefly and renilla luciferase activities were measured using the Dual-Luciferase^®^ Reporter Assay System (Promega). Cells were lysed using 500 μl 1× Passive Lysis Buffer diluted in phosphate-buffered saline according to the vendor's instructions. Cell lysates were collected and briefly centrifuged to get rid of debris. The assay was conducted according to the manufacturer's instruction.

RNA-sequencing, bioinformatics and statistics {#SEC2-6}
---------------------------------------------

HEK293T cells transfected with siCT, si*SF3B1* and si*SRRM1* were harvested 2 days after transfection. RNAs were extracted and purified. Raw RNA-Seq reads were filtered to obtain high-quality reads using NGSQC toolkit ([@B20]). The EricScript software (version 0.5.5) ([@B21]) with default parameters was used to predict gene fusion events using high-quality filtered reads as input. Chimeric RNAs with high confidence of prediction based on EricScore (≥0.6) were retained. We filtered out M/M fusions, which may represent artifacts due to template switching ([@B22]). The output files from EricScript software were processed using in-house perl scripts. Circos plots were made using the Circos software (version 0.69.6) ([@B23]). Evaluation of significance was performed using *t*-test.

RESULTS {#SEC3}
=======

A model reporter system {#SEC3-1}
-----------------------

*CTNNBIP1-CLSTN1* is a chimeric RNA frequently detected in multiple tissues and cells ([@B22]). The two neighboring parental genes are located on chr.1p36, and are separated by ∼24 kb. They both transcribe in the same direction, making them candidates for cis-SAGe. The chimeric RNA retains the first 5 exons of *CTNNBIP1* and last 17 exons of *CLSTN1*, and is induced via *CTCF* silencing ([@B7]). In addition, we could detect fragments of transcripts in-between the two genes, which is consistent with its cis-SAGe nature. To further confirm its read-through mechanism, we designed an assay to detect the precursor messenger RNA (mRNA) (Figure [1A](#F1){ref-type="fig"}). In this experiment, a reverse primer annealing to exon2 of *CLSTN1* was used to perform reverse transcription. We then used three primer pairs designed to amplify fragments of cDNA covering exon4 and intron4, exon5 and intron5 and exon6 and intron6 of *CTNNBIP1*. To eliminate potential DNA contamination, RNA was treated with DNaseI before the assay. To confirm that the signal was not due to remaining DNA contaminants, we included controls with no AMV-RT enzyme. Amplicons were only detected with the AMV-RT enzyme (Figure [1B](#F1){ref-type="fig"}), confirming that the *CTNNBIP1-CLSTN1* chimeric RNA is a product of cis-SAGe.

![The reporter for cis-SAGe. (**A**) The *CTNNBIP1-CLSTN1* chimera is composed of the first 5 exons of *CTNNBIP1* and last 17 exons of *CLSTN1*. Reverse primer annealing to exon2 (E2) of *CLSTN1* was used for reverse transcription. For RT-PCR, pairs of specific primers spanning exon4 and intron4 (E4I4), exon5 and intron5 (E5I5), and exon6 and intron6 (E6I6) of *CTNNBIP1* were used to validate the presence of a precursor transcript covering both genes. (**B**) The *CTNNBIP1-CLSTN1* chimeric RNA is a cis-SAGe chimeric RNA. Signals were only seen in the samples with AMV-RT. DNA contamination was eliminated by DNaseI treatment before the assay (+DNaseI). Further controls without the AMV-RT enzyme confirmed that the signals were not due to remaining DNA contaminants. (**C**) The cis-SAGe reporter system modeled after the *CTNNBIP1-CLSTN1* chimeric RNA. The renilla luciferase ORF was interrupted by the terminal part of *CTNNBIP1* and the beginning of *CLSTN1*, and broken into reni- and --lla parts. When the cis-SAGe formation of *CTNNBIP1-CLSTN1* occurs, the intermittent region is spliced out, giving rise to mature, in-frame renilla transcripts (orange lines). A β-globin/immunoglobulin intron containing the firefly gene (fire- and -fly) was used as an internal control. Protein and RNA destabilization signals (RNA DS, and protein DS including CL1 and PEST) were introduced to enable quick response.](gky1288fig1){#F1}

We then used the *CTNNBIP1-CLSTN1* chimeric RNA as a model to construct a dual-luciferase reporter (Figure [1C](#F1){ref-type="fig"}). The reporter contains four cassettes. The first cassette contains the 5′ portion of a renilla luciferase gene (Reni-) driven by an EFS promoter. The renilla coding sequence was split at a position that mimics the end of exon5 of *CTNNBIP1* (CCAGG). We added in 100 bp from the beginning and ending sequence of intron5, followed by 100 bp from the beginning and ending sequence of exon6 of *CTNNBIP1*. The ending sequence of exon6 contains the canonical polyadenylation signal sequence (AATAAA). The second cassette, which is driven by another EFS promoter, contains 100 bp from the beginning and ending sequence of *CLSTN1* exon1, and 100 bp from the beginning and ending sequences of intron1, followed by the 3′ section of the renilla luciferase gene. After the renilla coding sequence, we inserted three sets of 'ATTTA' RNA degradation sequence to prevent measurement of accumulation, followed by 100 bp of the end of *CLSTN1*, also containing the canonical polyadenylation signal sequence (AATAAA). The third cassette was borrowed from CMV-LUC2CP/intron/ARE plasmid ([@B19]), which includes a split firefly luciferase gene (Fire- and -fly), separated by a β -globin/Immunoglobulin intron that has been optimized to splice with high efficiency ([@B24]). This cassette is regulated under a CMV promoter, and also contains three copies of the 'ATTTA' RNA degradation signal, as well as an SV40 polyA sequence after the firefly luciferase ORF. The fourth cassette is a hygromycin resistant gene driven by an SV40 promoter and synthetic polyA sequence (not shown in the figure). At the C terminus of both renilla (cassette2) and firefly (cassette3) protein-coding sequences, we inserted protein degradation sequences (DS) (protein DS CL1 and PEST), preventing measurement of accumulation and rendering the system for a quick response. Restriction enzyme sites were also built in front of and after cassettes one and two to allow changes, or for inserting additional elements. As we have shown that *CTCF* silencing induced *CTNNBIP1-CLSTN1* and that the *CTCF* binding insulator sequence is too far from the parental genes; therefore, we did not include the insulator sequence in this construct.

The 5′ part of the renilla luciferase fragment is out of its reading frame. In the absence of transcriptional read-through and splicing-out of the intermittent fragments, the renilla luciferase will not be expressed. Firefly luciferase serves as an internal control for regular splicing. The system can be applied to all cells. As a proof of principle, we selected human embryonic kidney cells (HEK293T) cells because of their high-transfection rate. HEK293T cells were transfected with the reporter plasmid. Cells stably expressing the plasmid were selected with hygromycin. Since we aim to identify modulators, which induce or suppress cis-SAGe events, the system must have a basal level of expression for reference. Indeed, we observed a low-level expression of renilla luciferase (Figure [2A](#F2){ref-type="fig"}), and a higher level of firefly luciferase (Figure [2B](#F2){ref-type="fig"}). Consistently, qRT-PCR detected the expression of both luciferase genes at the RNA level ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

![Screening for trans-acting regulators of cis-SAGe. (**A** and **B**) The basal level expression of renilla and firefly luciferase in the cis-SAGe reporter system. HEK293T cells were transfected with the reporter construct and selected with hygromycin. The basal level of renilla (A) and firefly (B) luciferase was detected via the Dual-Luciferase Assay. (**C**) Cells stably expressing the reporter were transfected with siRNAs (SMARTpool Dharmacon library) targeting various, potential cis-SAGe candidates. Renilla and firefly luciferase, as well as their ratio, were measured and normalized against a control siRNA (siGENOME non-targeting control). Results are highlighted for a signal increase (red), decrease (green) and no change (gray) (1.5-fold as a cut-off). Detailed luciferase assay results are shown for the CPSF family (**D**) and Sentaxin (STEX) (**E**) as well as for *SRRM1* (**F**) and *SF3B1* (**G**). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001](gky1288fig2){#F2}

Screening for putative cis-SAGe trans-acting regulators {#SEC3-2}
-------------------------------------------------------

Even though several hypotheses have been proposed ([@B5],[@B25]), the detailed mechanism for cis-SAGe formation is currently unknown. Specific factors regulating the process are yet to be discovered. To identify trans-acting regulators that play a role in cis-SAGe regulation, we conducted an extensive literature search, and identified potential contributing factors. These include SR proteins important for constitutive and alternative splicing ([@B19],[@B29],[@B30]), intronic and exonic splicing enhancers (ESEs) ([@B30]), RNA polymerase II cleavage and termination ([@B31]) and elongation factors ([@B35],[@B36]), as well as other alternative splicing regulators ([@B30],[@B37]). In addition, we included proteins involved in R-loop formation and dissolution, as the R-loop structure has been reported to play a role in transcriptional termination and splicing ([@B42]). In total, over 100 candidates were selected ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). We then built a custom siRNA library using Dharmacon SMARTpool siRNAs, which contains four different siRNA duplexes for each target. The siRNA library screening was performed using the Dual-Luciferase Reporter Assay.

Based on the ratio of renilla and firefly luciferase readout in comparison to the control (siGENOME non-targeting control), the factors can be grouped into three categories by using a 1.5-fold cut-off: unchanged, induced and repressed (Figure [2C](#F2){ref-type="fig"}). Interestingly, only one factor, SRRM1, was grouped into the repressed category. Since we aimed to identify specific factors that regulate cis-SAGe, but not canonical splicing, we focused on factors that induced or repressed renilla luciferase, with no significant changes in firefly luciferase.

Cleavage and polyadenylation specificity factors (CPSF), as well as cleavage stimulation factor subunits (CSTF) are critical for the cleavage of freshly synthesized pre-mRNA ([@B43]). Therefore, their silencing could result in RNA polymerase II reading-through gene boundaries. In our experimental setup, the knockdown of several CPSF family members (Figure [2D](#F2){ref-type="fig"}) exerted a variable effect on cis-SAGe events. *CPSF1* knockdown resulted in the highest increase in the renilla/firefly ratio, although this change can be mostly attributed to reduced firefly expression. In the context of the CSTF family, only the *CSTF3* knock-down contributed to a significant change in the renilla/firefly ratio, also mainly due to changes in firefly activity (Figure [2D](#F2){ref-type="fig"}). *CSTF1* knock-down resulted in a induction of both renilla and firefly expression (Figure [2D](#F2){ref-type="fig"}), suggesting that the silencing of *CSTF1* affects both canonical splicing, as well as cis-SAGe. Silencing of Senataxin (*SETX*), which is involved in R-loop resolution and transcription termination ([@B42]), showed no significant change at any level of measurement (ratio, renilla or firefly signals) (Figure [2E](#F2){ref-type="fig"}).

Two factors caught our attention and became the focuses of our downstream study: *SF3B1*, the factor that upon silencing had the highest fold change in renilla, with no obvious change in firefly (Figure [2C](#F2){ref-type="fig"} and [G](#F2){ref-type="fig"}); and *SRRM1*, which is the only factor that upon silencing repressed renilla, with no apparent change in firefly (Figure [2C](#F2){ref-type="fig"} and [F](#F2){ref-type="fig"}).

Effect of silencing SF3B1 and SRRM1 on cis-SAGe {#SEC3-3}
-----------------------------------------------

To confirm that the changes do happen at the RNA level, we extracted RNAs from cells transfected with SMARTpool siRNAs targeting *SF3B1* and *SRRM1*. Both genes were effectively silenced ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Consistent with the results of the dual-luciferase assay, knock-down of *SRRM1* dramatically reduced the mRNA levels of the renilla transcript, and to a much lesser extent the firefly transcript (Figure [3A](#F3){ref-type="fig"}). In *SF3B1* knocked down cells, the mRNA level of renilla luciferase was significantly upregulated, with only a slight increase in firefly gene expression (Figure [3B](#F3){ref-type="fig"}).

![Validation of the effect of *SF3B1* and *SRRM1* on chimeric RNAs. (**A** and **B**) Changes in renilla and firefly luciferase at the mRNA level after *SRRM1* and *SF3B1* silencing. To confirm that the changes happen at the RNA level, we extracted RNAs from the cells transfected with SMARTpool siRNAs targeting *SRRM* and *SF3B1*. Knocking down of *SRRM1* reduced the mRNA levels of the renilla transcript, and to a much lesser extent the firefly transcript (A). *SF3B1* knocking down upregulated renilla luciferase expression with a slight difference in firefly transcript (B). (**C** and **D**) Expressions of several cis-SAGE chimeric RNAs were measured by qRT-PCR in *SRRM1* silencing (C) and *SF3B1* silencing (D) cells. (**E** and **F**) Interchromosomal chimeric RNA, *C15orf57-CBX3*, (E) and intra-others chimeric RNA, *CTBS-GNG5* (F) were downregulated by *SRRM1* silencing, while *SF3B1* knocking down gave mixed results. Expressions of the target transcripts were normalized against that of the internal control, *GAPDH*, and further normalized to the level in the control siRNA transfected cells. \**P* \< 0.05, \*\* *P* \<0.01, \*\*\**P* \<0.001](gky1288fig3){#F3}

We then examined the effect of silencing these two factors on cis-SAGe chimeric RNAs. We selected a few widely expressed cis-SAGe fusions, including: *CTNNBIP1-CLSTN1, DUS4L-BCAP29, CLN6-CALML, UBA2-WTIP* and *SLC29A1-HSP90AB1*, based on literatures ([@B9],[@B13],[@B16],[@B22],[@B44],[@B45]), and measured their fusion RNA levels relative to internal control *GAPDH* (Figure [3C](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}). Silencing *SRRM1* resulted in a reduction of the majority of five cis-SAGe fusion RNAs, consistent with the luciferase assay of si*SRRM1*. However, si*SF3B1* disagreed with its results from the luciferase assay. This may be due to the missing cis-acting sequence elements in the reporter system, or perhaps, more candidates need to be tested. To examine the effect on the alternative choice between canonical splicing and cis-SAGe for the 5′ parental gene, we compared the effect of the siRNAs on the chimeras relative to the wild-type of the 5′ parental genes, we found that three chimeras were favourably downregulated by siSRRM1, and three were upregulated by siSF3B1 ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}).

To test whether the effect on cis-SAGe chimeric RNAs is also true on other types of chimeric RNAs, we examined one interchromosomal chimeric RNA, *C15orf57-CBX3* and one intrachromosomal chimeric RNA with one gene in between, *CTBS-GNG5* ([@B22]). si*SRRM1* also repressed these two chimeras (Figure [3E](#F3){ref-type="fig"}), whereas si*SF3B1* had mixed results (Figure [3F](#F3){ref-type="fig"}).

The same results were observed from biological repetitive knocking down of *SRRM1* and *SF3B1* ([Supplementary Figure S4A and B](#sup1){ref-type="supplementary-material"}). Additionally, various effects on the *CTNNBIP1-CLSTN1* fusion RNA were investigated by siRNAs against different factors including those involved in splicing, chromatin remodeling and other factors ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}).

Genome-wide effect on chimeric RNAs upon silencing of *SRRM1* and *SF3B1* {#SEC3-4}
-------------------------------------------------------------------------

We performed paired-end RNA-Seq to evaluate the silencing of *SSRM1* and *SF3B* in HEK293T cells on chimeric RNAs throughout the genome. Chimeric RNAs identified by EricScript software ([@B21]) were divided into three groups based on the chromosomal location of the parental genes: inter-chr, two parental genes located on separate chromosomes; intra-ss-0gap, two parental genes located on the same chromosome, transcribing in the same direction, and with no genes in between; and intra-others, whose parental genes are on the same chromosome, but with genes in between, or are transcribing in the opposite direction (Figure [4A](#F4){ref-type="fig"}). The chimeras of intra-ss-0gap are candidates of cis-SAGe. Two biological repeats were conducted. Consistent with the luciferase assay and qRT-PCR validation, majority of chimeric RNAs were downregulated across all three categories in si*SRRM1*, including all 21 intra-ss-0gap chimeric RNAs, 28 out of 37 inter-chr and eight out of 11 intra-others (Figure [4B](#F4){ref-type="fig"}). In contrast, majority of chimeric RNAs were upregulated in siSF3B1, most obvious for intra-ss-0gap (34 out of 49), less obvious in intra-others (14 out of 23), and no change in inter-chr (19 out of 39) (Figure [4C](#F4){ref-type="fig"}). We selected two intra-ss-0gap chimeras in each group, and confirmed their trend by qRT-PCR ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}).

![The genome-wide effect caused by *SRRM1*, and *SF3B1* silencing. Paired-end RNA-Seq data evaluation of *SRRM1*, and *SF3B1* silencing. Chimeric RNAs analyzed by the EricScript software were divided into three groups: Inter-chr, intra-ss-0gap and intra-others. (**A**) Circos plots depict the landscape of chimeric RNAs. Parental genes involved in forming a chimeric RNA are joined by a line. (**B**) (**C**) Histograms showing the number of chimeric RNAs up and downregulated in each of the three categories in siSRRM1 transfected cells (B), or siSF3B1 transfected cells (C) compared with control siRNA transfected cells. Two-fold cut-off was used.](gky1288fig4){#F4}

DISCUSSION {#SEC4}
==========

Chimeric RNAs, composed of transcripts from neighboring genes are becoming increasingly recognized as a widespread phenomenon ([@B1],[@B6],[@B16],[@B17],[@B46],[@B47]). Their formation contributes not only to transcriptome diversity ([@B1],[@B2]), but also plays a significant role in cellular homeostasis ([@B1],[@B27],[@B30],[@B31]). To date, several possible mechanisms of cis-SAGe have been postulated. One of them proposes mutation in polyadenylation signals, allowing transcription machinery to read through gene boundaries ([@B5],[@B26]). Others focus on transcriptional slippage, caused by short homologous sequences ([@B48]), transcription anti-termination ([@B27]), or the torsional stress of DNA strands ([@B49]). However, the exact mechanism of cis-SAGe chimeras formation remains elusive. To facilitate high-throughput screening and identification of cis-SAGe modulators, we created a dual-luciferase reporter system; a system in which the renilla luciferase ORF was interrupted by portions of the genes, *CTNNBIP1* and *CLSTN1*, and used an intron-containing firefly luciferase ORF as a control. Extensive screening of a variety of RNA processing regulators including SR proteins ([@B19],[@B29],[@B30]), intronic and ESEs ([@B30]), RNA polymerase II cleavage and termination ([@B31]), elongation factors ([@B35],[@B36]) and different alternative splicing regulators ([@B30],[@B37]) allowed us to identify trans-acting factors, particularly those regulating cis-SAGe events. This system can also be used to evaluate cis-acting factors, including specific sequences or motifs. In addition, the system can be used to assess environmental factors, viral infections, and even to screen small molecule inhibitors. For example, a recent study revealed the induction of transcriptions downstream of genes (DoGs) under osmotic stress ([@B18],[@B50],[@B51]), which may contribute to the regulation of cis-SAGe chimeric RNAs. We built in additional RNA and protein destabilization sequences, ideal for studying the effect of such osmotic stress, which often requires a rapid readout within a few hours. These features are also critical when used for small molecule screening. Here, we used HEK293T cells as a proof of concept, but the system can be readily applied to other cells. We envisioned a typical flow of experiments using our system to investigate the perturbation of candidate factors on cis-SAGe chimeric RNA(s) ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}).

We anticipate that some of our findings may be restricted to the *CTNNBIP1-CLSTN1* fusion, we used as the model. However, the results from RNA-sequencing on genome-wide chimeric RNAs are consistent with the luciferase assays, i.e. *SRRM1* silencing reduced, and *SF3B1* silencing enhanced chimeric RNAs.

*SRRM1* (also known as Srm160) ([@B30],[@B39],[@B52]) plays a role in splicing co-activation ([@B53]). *SRRM1* is important for constitutive, as well as ESE dependent, splicing to take place ([@B54],[@B55]). We found that silencing SRRM1 resulted in a significant decrease of renilla luciferase in the reporter construct. The same trend was confirmed with five cis-SAGe RNAs. Interestingly, two chimeric RNAs from other categories were also suppressed upon its silencing. Consistently, RNA-Seq data analysis also revealed that silencing *SRRM1* greatly reduced all three groups of chimeric RNAs, especially in the category of cis-SAGe candidates, suggesting its ubiquitous role in regulating chimeric RNAs.

*SF3B1* is a splicing factor, commonly mutated in cancer cells ([@B56]). Knocking it down greatly enhanced renilla luciferase expression in our reporter construct. However, the trend was not observed in the few chimeric RNAs we selected for further validation. This inconsistency may be due to the missing sequence elements in our reporter system. Nevertheless, RNA-Seq data obtained from cells treated with si*SF3B1* showed more upregulation in cis-SAGe chimeras, while had smaller effect on the chimeras of the other two categories. *SF3B1*, as a part of the U2 component of the spliceosome, plays a role in splice site recognition ([@B59]). It was shown that *SF3B1* knockdown has a significant impact on splicing, and induces alternative splice site choice, exon skipping or intron retention in myeloid cell lines ([@B57]). Moreover, dissociation of *SF3B1* from the U2 complex also affects alternative splicing ([@B60]). In the context of our study, lack of *SF3B1* may direct cells toward increased transcription DoGs, followed by aberrant splice site choice resulting in increased cis-SAGe chimeras occurrence. Most interestingly, we observed an obvious increase of *SRRM1* expression in all three siRNAs specifically targeting *SF3B1*, but no obvious changes on the expression of *SF3B1* under the depletion of *SRRM1* ([Supplementary Figure S8A and B](#sup1){ref-type="supplementary-material"}). This finding indicates that in some situations, *SRRM1* might be a downstream target of *SF3B1*, consistent with the opposite effect on at least some chimeric fusion RNAs. Inhibition of *SF3B1*, resulting in massive aberrant exon shipping ([@B61]) and intron retention, can increase the 'read-through' between exons, and could potentially be the cause of enhanced level of cis-SAGe fusion RNAs ([Supplementary Figure S8C](#sup1){ref-type="supplementary-material"}). Given its frequent misregulation in cancer, it is possible that cancers with the *SF3B1* mutation may have abnormal cis-SAGe fusion RNA profiles. Our system can easily be used to study the effects of the particular *SF3B1* mutant on cis-SAGe RNAs.

We focused on the group of factors that induced, or repressed the renilla luciferase specifically, with no significant changes in the firefly luciferase level. However, the assumption that such factors only regulate cis-SAGe, but not regular splicing, may miss some genuine regulators of cis-SAGe. For instance, reduced cleavage may contribute to transcriptional read-through. One example is the cleavage stimulation factor, *CSTF1*, which was not investigated further because silencing it induced both renilla and firefly luciferases. On the other hand, if a factor affects renilla and firefly luciferase expression cassettes differently besides splicing, it would also result in false positive discoveries. This is the reason that further validation is always needed.

CONCLUSIONS {#SEC5}
===========

Despite the recognition of cis-SAGe chimeric RNAs as widespread natural phenomena and their implications for cancer, the mechanisms of their generation are far from being clear. We have developed a rapid-response, easy and versatile cell-based system that can be used to study the cis-SAGe process, as well as identified potential regulators for the process. Using this system, we discovered that two factors, *SRRM1* and *SF3B1*, affect cis-SAGe in opposite directions. Consistently, the genome-wide study also revealed the same trend.
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